Introduction
Investigation of vertical transport of electrons and scattering mechanisms in barrier structures containing quantum wells is of great importance in understanding the physical properties of various advanced electronic devices, such as quantum-well infrared photo-detectors (QWIPs), heterostructure bipolar transistors, semiconductor lasers, and hot-electron transistors (for a review see [1] ). For instance, the vertical transport of electrons has a direct influence on the performance of QWIPs. Various scattering processes affect the electron mobility along the growth direction, influencing the well-capture probability, a parameter that is directly related to the detector's optical gain and responsivity. Barrier structures with rectangular potential barriers have been studied extensively (see [1] ). Recently, Ridley and coworkers [2] [3] [4] [5] [6] investigated vertical transport in GaAs/Ga 1− Al As barrier structures with linearly graded barriers grown between the n + -GaAs contacts and the central barrier containing N (=0, 2, 4, 7 and 10) quantum wells. Bishop et al. [4] measured the electron mobility as a function of temperature in the range 77-300 K by applying low voltage (0.01 V) to the samples with N =4, 7 and 10. They did not, however, measure the variation of electron mobility with applied voltage. Daniels et al. [5] proposed a theoretical model to account for the effect of the quantum wells in the central barrier on the electron mobility. Nevertheless, the scattering mechanisms that determine the temperature and applied voltage dependences of the electron mobility in these barrier structures have not been investigated in detail. In this paper we present a systematic study of the effects of temperature and applied voltage on the mobility of electrons in vertical transport in barrier-structure samples, which were prepared from the same wafers as those used in [4] . The electron mobility was determined from geometric magnetoresistance (GMR) measurements carried out in the dark. The scattering processes affecting the electron mobility were analysed as functions of temperature and applied voltage. The present study provides valuable information about the relative importance of various scattering mechanisms that limit the mobility of electrons in these barrier structures.
Theoretical background
The major scattering mechanisms in GaAs/Ga 1− Al As barrier structures without quantum wells are essentially the same as those in bulk Ga 1− Al As alloys. These mechanisms include ionized impurity scattering, space-charge scattering, alloy-disorder scattering, polar optical phonon scattering, acoustic phonon scattering due to the deformation potential coupling, and acoustic phonon scattering due to the piezoelectric coupling [7, 8] . However, additional scattering processes, such as quantum-mechanical reflection due to well-barrier interfaces [5, 9] and interface roughness (IFR) scattering, play a role in limiting the electron mobility in the barrier-structure samples containing quantum wells. The total mobility (µ ) can be calculated from the individual scattering-limited mobilities (µ ) by using Matthiessen's rule:
where is the magnitude of the electron charge, τ is the momentum relaxation time, and * is the electron effective mass. In the following, the approximate analytical expressions that we used to calculate the electron mobility (µ ) determined by each scattering mechanism are briefly outlined for the sake of convenience.
Ionized impurity scattering
Ionized impurity scattering is an important mechanism, which limits the electron mobility in semiconductors. The mobility (in units of m 2 V
) determined by ionized impurity scattering (µ ) can be obtained from [8, 10] 
Here B is the Boltzmann constant, T is the absolute temperature, ε is the static dielectric constant, ε 0 is the permittivity of vacuum,¯ is the Planck constant, N is the ionized impurity density, and N D and N A are the ionized donor and acceptor impurity densities, respectively. (For p-type and n-type doped materials, N can be taken equal to N A and N D , respectively). Several experimental studies published in the literature show that ionized impurity scattering is effective in bulk Ga 1− Al As alloys at low temperature [7, [11] [12] [13] [14] .
Acoustic phonon scattering
The mobility (µ DP ) determined by acoustic deformation potential scattering can be calculated using
Here C L is the longitudinal elastic stiffness constant (see Eq. (6)) and E A is the acoustic deformation potential [7, 8] .
Because of the lack of inversion symmetry in Ga 1− Al As crystals, there is another source of scattering due to piezoelectrically active acoustic phonons. The mobility (µ PE ) limited by the acoustic piezoelectric scattering can be obtained from [8] 
with
Here K 2 is the average electromechanical coupling constant, 14 is the piezoelectric stress constant, and C L and C T are the spherical-average, longitudinal and transverse elastic stiffness constants of a single-crystal with cubic symmetry, respectively [7, 15] . Earlier studies indicate that acoustic phonon scattering is not significant in the determination of electron mobility in bulk Ga 1− Al As [7, [11] [12] [13] [14] .
Polar optical phonon scattering
Because of the high values of the optical phonon energy, optical phonon scattering in semiconductors is an inelastic process, and a momentum relaxation time cannot be defined for polar optical phonon scattering. Nevertheless, the following expression [16] can be used as an approximation to estimate the mobility (µ PO ) due to polar optical phonon scattering: The scattering of electrons by optical phonons through the deformation potential interaction is not important for the Γ valley of the conduction band in Ga 1− Al As alloys [7, 8] and is thus not considered in the present study.
Space-charge scattering
The mobility (µ SC ) determined by space-charge scattering can be calculated using
where N S is the space-charge density and A is the effective scattering area of the space-charge region [17] . Previous studies [7, 11-13, 18, 19] show that, in bulk Ga 1− Al As alloys, space-charge scattering becomes effective at higher temperatures than ionized impurity scattering.
Alloy-disorder scattering
The relaxation time due to alloy-disorder scattering was determined by Hauser et al. [20] . The temperature dependence of the mobility (µ A ) limited by alloy-disorder scattering can be expressed as [7, 13] 
where is the lattice constant, is the Al molar fraction, and ∆U is the alloy-disorder potential of Ga 1− Al As. . µ A , µ DP , µ PE , µ PO , µ and µ SC are the mobilities determined by alloy disorder, acoustic deformation potential, acoustic piezoelectric, polar optical phonon, ionized impurity and spacecharge scattering, respectively, and µ is the calculated total mobility.
The mobilities limited by alloy-disorder and space-charge scattering mechanisms have identical temperature dependence. However, it has been shown that alloy-disorder scattering does not play an important role in the determination of electron mobility in Ga 1− Al As ( <0.32) alloys [7, 8, 13, 19 ].
Intervalley scattering
Because of the small dimensions of the barrier-structure samples, the electric field within the structure becomes very high, even at low applied voltages. When the applied voltage is increased, the conduction electrons gain kinetic energy from the electric field, and their energy becomes higher than the thermal equilibrium value 3 B T /2. The electrons, which are not in thermal equilibrium with the crystal lattice, are known as hot electrons (see for instance [21] ). As the applied electric field becomes higher than a critical value, hot electrons scatter from the Γ valley into the L (and X ) valleys. Within the framework of a threevalley, conduction band model, the Hall mobility (µ H ) is given by [11, 13, 18] µ H = µ
Here µ Γ ,µ L and µ X are the mobilities, and Γ , L and X are the densities of the electrons in the Γ, L and X valleys of the conduction band, respectively.
Experimental procedure

Samples
The barrier-structure samples investigated in the present study were prepared from the same wafers as those used by Bishop et al. [4] . The layer structure of the samples is shown in Fig. 1 . A 1 µm thick, heavily doped n + -GaAs contact layer was deposited on the n + -GaAs substrate. The barrier structure was then grown on this layer in three stages: (i) a 500 Å thick Ga 1− Al As graded barrier, in which the Al concentration ( ) increased linearly from 0 to 0.26; (ii) Ga 0 74 Al 0 26 As central barrier containing N (=0, 2, 4, 7 and 10) n-doped GaAs quantum wells; and (iii) a 500 Å thick Ga 1− Al As graded barrier in which the Al concentration decreased linearly from 0.26 to 0. Finally, a 1µm thick heavily doped n + -GaAs contact was deposited on the Ga 1− Al As graded barrier. All barrier layers were nominally undoped. The samples were fabricated in the circular mesa geometry of 100 µm diameter. Structural properties of the barrier-structure samples used in the study are given in Table 1 . The doping density in the n + -GaAs contacts was of the order of 10 24 m −3
, and the doping in the quantum wells was chosen to give a Fermilevel matching that of the contacts, in order to avoid band bending [4, 5] . All barrier structures containing quantum wells in the central barrier were designed to have only one bound state in the well.
Geometric magnetoresistance measurements
Geometric magnetoresistance (GMR) measurements provide a useful technique to determine the electron mobility in barrier-structure samples of mesa geometry [2, 8, 9, [22] [23] [24] . In this technique, a steady magnetic field (B) is applied to the sample parallel to the layers but perpendicular to the vertical current. A dc voltage is applied to the sample, and the vertical current (I) is measured as a func- 2 for (µ GMR B) 2 1, (12) where R 0 is the resistance at zero magnetic field, R(B) Figure 7 . Electric-field dependence of the electron drift velocity in the barrier-structure sample without quantum wells (N =0) determined at the temperatures quoted.
is the magnetoresistance, and µ GMR is the GMR mobility, which is usually taken approximately equal to the Hall mobility [2, 4, 8, 9, [22] [23] [24] . In order to use the GMR technique, the magnetic field must be low enough to ensure that (µ GMR B) 2 1, and the mesa diameter ( ) must be much greater than the total thickness (L) of the barrier layers [4, 8, 23] . For the samples used in the present study L ∼ =0.2 µm (see Table 1 ) and =100 µm, the highest measured value of the mobility is ∼ =0.17 m 2 V
, and the magnetic field is in the range 0.2-2.2 T. Therefore, both conditions are fulfilled in our experiments.
The GMR measurements were carried out in the dark as functions of temperature from 80 to 290 K at low applied voltages (0.01-0.1 V), and applied voltage (0.005-1.6 V) at selected temperatures in the range 3.5-290 K. The measurements were performed in a three-stage, closed-cycle refrigeration system (HS-4 Heliplex, APD Cryogenics) using a source/measure unit (Keithley 236).
Results and discussion
Typical examples for the variation of fractional magnetoresistance (∆R/R 0 ) with magnetic field are shown in Figs. 2a and 2b. The ∆R/R 0 increases linearly with B 2 . The electron mobility (µ GMR ) was determined by fitting Eq. (12) to the experimental ∆R/R 0 versus B curves measured for each temperature and each applied voltage. In this procedure µ GMR was taken as an adjustable parameter, which was assumed to be independent of the magnetic field.
Temperature dependence of the electron mobility
To determine the temperature dependence of the electron mobility in the barrier-structure samples, GMR measurements were carried out in the temperature range 80-290 K at low applied voltages between 0.01 and 0.1V. In this set of measurements, the applied voltage was low enough to permit the assumption that the electrons be in thermal equilibrium with the lattice. Since the graded barriers limit the tunnelling current at low applied voltages, it was not possible to determine the low-field electron mobility at temperatures below 80 K. Examples for the variation of electron mobility with temperature are presented in Figs. 3a to 3e . At the lowest voltage (0.01 V), the mobility rises with increasing temperature, passes through a broad maximum at a temperature T ≈200 K, and decreases at higher temperatures. This behaviour is more clearly demonstrated by the µ GMR (T ) curves obtained for the samples containing N =4, 7 and 10 quantum wells. The µ GMR (T ) curves determined at 0.05 and 0.1V exhibit similar features, however, the mobility reaches the maximum at lower temperatures. As the applied voltage is increased from 0.01 to 0.1 V, the electron mobility measured at temperatures below T increases for all the samples, except the one with N =10 quantum wells. The temperature dependence of the Hall mobility in bulk Ga 1− Al As alloys has been investigated in several studies [7, [11] [12] [13] 19] . The mobility has been reported to increase with increasing temperature from 100 K, reach a broad maximum at about 200 K, and decrease at higher temperatures. The increase of mobility as the temperature is increased from 100 to 200 K has been attributed to ionized impurity scattering. The decrease of mobility at temperatures above 200 K has been explained by polar optical phonon scattering. However, for bulk Ga 1− Al As samples, in which space-charge scattering is significant, the reduction of electron mobility with temperature above 200 K has been attributed to the combined effect of polar optical phonon scattering and space-charge scattering [7, [11] [12] [13] 18] . In the light of these earlier studies, for the barrierstructure samples containing N =4, 7 and 10 quantum wells in the central barrier, the increase of electron mobility as the temperature is increased from 80 to about 200 K can be ascribed to ionized impurity scattering (see also [5] ). However, at temperatures below 200 K, the slope of the µ GMR (T ) curves measured at 0.01 V for the samples with N =0 and 2 is relatively small (Figs. 3a and 3b) , indicating that space-charge scattering is in effect in these samples. The µ GMR (T ) curves obtained at 0.01 V for the barrier-structure samples with different numbers (N ) of quantum wells in the central barrier are compared in Fig. 4 . The figure demonstrates that the maximum mobility measured at T ≈200 K decreases significantly as N increases from 4 to 10 (that is, as the barrier width L B between the quantum wells decreases from 310 to 77 Å). Electrons encountering a quantum well would undergo reflection from well-barrier interfaces, so their mobility would decrease [4, 5] . The influence of this quantum-well scattering on the electron mobility is expected to be more pronounced for the barrier structures in which the barrier width L B is smaller [5, 9] . The µ GMR (T ) data measured in the present study, for the barrier-structure samples with N =4, 7 and 10, are in line with these theoretical predictions. However, the µ GMR (T ) values determined for the samples with N =0 and 2 are markedly smaller than that for the sample with N =4. This experimental finding indicates that space-charge scattering is important in the determination of the electron mobility in the samples with N =0 and 2, and growing 2 quantum wells (one at each end of a wide central barrier) is not adequate to prevent the formation of space charge in the barrier layer between the wells.
Analysis of the scattering mechanisms that determine the temperature dependence of electron mobility
To carry out a detailed analysis of the scattering mechanisms that limit the mobility of electrons in GaAs/Ga 1− Al As barrier structures, the mobility µ determined by each intra-valley scattering mechanism was calculated as a function of temperature from 80 to 300 K by using the Equations given in section 2. The material parameters used in the calculation of the mobilities µ A , µ DP , µ PE , µ , µ SC and µ PO are given in Table  2 . The space-charge scattering mobility µ SC was calculated only for the samples with N =0 and 2, because the space-charge effect was not observed [4, 26] in the currenttemperature characteristics of the samples with N =4, 7 and 10. Because the lattice mismatch between the GaAs and Ga 1− Al As layers is very small [25] , the effect of dislocation scattering due to lattice mismatch [27] on the electron mobility in the barrier-structure samples was not considered in the present study. Intervalley scattering was assumed to be negligible at low applied voltage, because almost all electrons reside in the Γ valley of the conduction band [13] . The current-temperature characteristics of the samples with N =4, 7 and 10 did not exhibit any evidence for miniband conduction. This could be due to the fact that the width of the first subband was much smaller than the collision broadening, as determined from the mobility measurements at low applied voltage. For instance, for the sample with N =10, the width of the first subband is 4.5 meV and the collision broadening is about 15 meV. Therefore, the influence of subband width on the vertical transport in these samples was not taken into account.
In order to calculate the mobility µ determined by ionized impurity scattering, the donor (N D ) and acceptor (N A ) densities are required (see Eqs. (1) and (2)). Acceptor impurities were introduced by unintentional doping during the growth of the barrier structures [2, 4] . The acceptor densities N A in the samples with N =0 and 2 were assumed to be equal to the space-charge densities N S =4.0×10 21 m , respectively, as determined from the current-temperature measurements at low voltage (0.01 V) [26] . Then, the mobility µ GMR measured at 140 K for each of these samples was fitted to the total mobility µ calculated at the same temperature from Eq. (1), by taking the N S A product (in Eq. (9) (which is slightly smaller than the doping level of the quantum wells in the central barrier [4] ), under the assumption that ionized impurity scattering is dominant at low temperatures. More specifically, the N D value for each of latter samples was deduced by matching the mobility µ GMR measured at 110 K to the ionized impurity scattering mobility µ calculated at that temperature. In this procedure N A was neglected, because the space-charge effect was not observed in these samples.
Examples for the comparison between the calculated µ (T ) and µ (T ) curves and the experimental µ GMR (T ) data measured at 0.01 V are presented in Figs. 5a and 5b for the samples with N =0 and 10, respectively. For all the barrier-structure samples investigated, the calculated mobilities µ A , µ DP and µ PE are about two orders of magnitude larger than the measured mobility. This suggests that the effects of alloy-disorder scattering and acoustic phonon scattering on the mobility of electrons in vertical transport are negligibly small at all temperatures. The results show that space-charge scattering is dominant in the samples with N =0 and 2 at all temperatures, while the effect of ionized impurity scattering on the mobility is negligible (Fig. 5a ). In the samples containing N =4, 7 and 10 quantum wells, the mobility is primarily limited by ionized impurity scattering (Fig. 5b) . The effect of polar optical phonon scattering increases progressively at temperatures above 200 K, leading to a decrease in the mobility, as observed in all the samples studied (see Fig.  3 ).
For the samples containing N =4, 7 and 10 quantum wells, the electron mobility measured at temperatures above about 200 K is somewhat smaller than the calculated total mobility (see Fig. 5b ). This suggests that additional scattering mechanisms, which are not considered in the calculation of µ (T ), come into effect in the determination of the electron mobility in these samples. As the number (N ) of quantum wells increases, the reflection of electrons from the well-barrier interfaces increases, thereby leading to a decrease in the measured mobility of electrons in vertical transport [5, 9] . It is well established that the mobility of two-dimensional electrons in parallel transport in GaAs/Ga 1− Al As ( ∼ =0.3) multiple quantum wells (MQWs) is primarily limited by interface roughness (IFR) scattering [28, 29] . IFR scattering would also influence the vertical mobility of electrons in the barrierstructure samples containing N (=4, 7 and 10) quantum wells [30, 31] . Dharssi and Butcher [30] calculated the IFR scattering-limited mobility in the growth direction at 300 K for a low-density, non-degenerate electron gas in short-period GaAs/Ga 0 7 Al 0 3 As superlattices. They found that the mobility limited by IFR scattering is up to an order of magnitude less than the predicted LO phonon scattering-limited mobility. Therefore, the difference between the measured mobility (µ GMR ) and the calculated total mobility (µ ) observed above about 200 K for the barrier-structure samples with N =4, 7 and 10 can be attributed, at least in part, to the quantum-mechanical reflection due to the quantum wells and to IFR scattering. Nevertheless, further theoretical work is required to calculate the effects of IFR scattering on the vertical mobility in barrier structures containing MQWs, in which the electrons are strongly localised in the first subband.
Variation of electron mobility with applied voltage
Examples for the variation of electron mobility with applied voltage, measured at selected temperatures in the range 3.5-290 K, are shown in Figs. 6a to 6e. The µ GMR (V ) curves obtained at 3.5, 70 and 150 K for the samples with N =0, 2 and 4 demonstrate that the mobility increases slightly with increasing voltage, passes through a maximum, and decreases rapidly with further rise in the voltage. For the samples with N =0 and 2, the mobility measured at 220 and 290 K remains essentially constant up to ∼0.06 V and decreases at higher voltages. The µ GMR (V ) curves measured at 150 and 220 K for the samples containing N =7 and 10 quantum wells exhibit similar behaviour. The mobility measured at 290 K for the samples with N =4, 7 and 10 is practically independent of the applied voltage up to ∼0.25 V and tends to decrease at higher voltages.
The voltage V at which the mobility becomes maximum is found to be a function of the temperature. For the samples with N =0, 2 and 4, V decreases substantially when the temperature is increased from 3.5 to 220 K (Figs. 6a, 6b  and 6c ). In the low-voltage region (V S < V ), the increase of mobility with applied voltage can be attributed to ionized impurity scattering [32] . The reduction of electron mobility at high voltages (V S > V ) is likely to be due to intervalley scattering of hot electrons from the Γ valley into the L (and X ) valleys in the conduction band, where they will have lower mobilities. The GMR measures an average of the mobilities of the three electron populations (see Eq. (11)). In the case of bulk GaAs and Ga 1− Al As ( ≤0.35) alloys [18, 32] and GaAs/Ga 1− Al As barrier structures with rectangular potential barrier containing MQWs [9] , the mobility reduction in the high-voltage region has been explained by intervalley scattering of hot electrons. A similar interpretation should also be valid for the barrier-structure samples investigated in the present study.
When the voltage (electric field) applied to the barrierstructure sample exceeds a given threshold, hot electrons scatter from the Γ valley to the L (and X ) valleys, which are at higher energies and have larger electron effective mass but smaller mobility. The duration times of electrons in the L (and X ) valleys were found to be about an order of magnitude longer than the scattering time back to the Γ valley [9, 32, 33] . Earlier studies [18, 34, 35] found that the mobilities µ Γ , µ L and µ X in bulk GaAs and Ga , respectively. In addition, the ratio µ Γ :µ L was found to be about 8:1 (Refs. [13, 34] ). Hence, one would expect the Hall mobility estimated from Eq. (11) to be much smaller than the mobility µ GMR measured at low applied voltage (V S V ). However, since the carrier densities in the Γ, L and X valleys are not known, it is not possible to determine separately the mobilities µ Γ , µ L and µ X for the barrier-structure samples used in the present study. For the sample with N =7, the mobility (µ GMR ) values measured at 80 K and at high voltages ( Fig. 6e) . These mobility values, determined for the barrier-structure samples investigated in this study, are comparable to those reported [18, 34, 35] for µ L and µ X of electrons in the L and X valleys of bulk GaAs and Ga 1− Al As ( <0.32) alloys. The results suggest that, when a voltage higher than about 1.0 V is applied (at low temperatures) to the barrierstructure samples containing N =7 and 10 quantum wells, an important proportion of electrons are transferred from the Γ valley to the L and X valleys.
Finally, we deduced the electron drift velocity V as a function of applied electric field from the experimental µ GMR (V ) data. As a first approximation, the drift velocity was calculated from V = µF by taking µ = µ GMR and F = V S /L (the average applied electric field). Examples for the V (F ) curves obtained for the sample with N =0 are shown in Fig. 7 . Initially, the drift velocity increases linearly with electric field; after the electric field exceeds a certain value the drift velocity continues to increase, but with a progressively decreasing slope. The sublinear deviation of the experimental V (F ) curve at high electric fields is due to the heating of electrons. The V (F ) curves obtained for the barrier-structure samples investigated in this study show similar features with those calculated using Monte Carlo methods [36] [37] [38] [39] , and those measured at 300 K for bulk Ga 1− Al As ( <0.45) alloys [13] , and at 15 K for GaAs/Ga 1− Al As barrier structures containing MQWs [9] .
When the excess kinetic energy of hot electrons in the Γ valley of bulk GaAs reaches the intravalley LO phonon energy, the hot electrons cool down by emitting LO phonons; consequently, the slope of the V (F ) curve decreases. When the energy-input rate of electrons becomes equal to the energy-loss rate to the lattice, the drift velocity is expected to reach a maximum (saturation) value and to decrease at higher electric fields, due to intervalley scattering (see for instance [32] ). The decrease in electron drift velocity with electric field is known as negative differential resistance (NDR), which is seen clearly on the V (F ) curve obtained at 3.5 K (Fig. 7) . However, since the intervalley energy separations ∆E ΓL and ∆E ΓX in bulk Ga 1− Al As ( ≤0.26) alloys are smaller than the corresponding energy differences in GaAs [13, 33, 35] , the V (F ) curves obtained for the barrier-structure samples at temperatures above 70 K did not clearly exhibit NDR behavior.
Conclusions
The geometric magnetoresistance technique was used to measure the mobility of electrons in the vertical transport in GaAs/Ga 1− Al As ( ≤0.26) barrier-structure samples containing N (=0, 2, 4, 7 and 10) quantum wells in the central barrier. The results show that space-charge scattering is dominant in the samples with N =0 and 2, at all temperatures, while ionized impurity scattering is dominant in the samples containing N =4, 7 and 10 quantum wells. Polar optical phonon scattering becomes significant in all the samples at high temperatures, leading to a decrease of mobility at temperatures above 200 K. The effects of alloy disorder, acoustic deformation potential and acoustic piezoelectric scattering mechanisms on the mobility are negligibly small. The difference between the measured mobility and the calculated total mobility for the samples with N =4, 7 and 10, observed above 200 K, is attributed to the reflection of electrons from wellbarrier interfaces in the quantum wells and to interface roughness scattering.
The mobility-temperature curves measured at low voltage exhibit a broad maximum at about 200 K. The maximum mobility decreases systematically as the number of quantum wells in the central barrier increases from N =4 to 10. This experimental finding is in line with the theoretical prediction [5] that the electrons will scatter more frequently from the well-barrier interfaces with increasing N , and their mobility will decrease as a consequence.
However, the maximum mobility data for the samples with N =0 and 2, in which space-charge scattering is dominant, do not follow this trend.
The mobility of electrons in vertical transport increases slightly as the applied voltage is increased, passes through a maximum, and decreases rapidly with further increase in the voltage. The decrease of electron mobility at high voltages is explained by intervalley scattering of hot electrons. This suggests that optimisation of devices which incorporate barrier structures should consider the properties of the L and X valleys as well.
